When placed in a suitable environment, mammalian spermatozoa begin to capacitate and continue until fully capacitated; in vitro, some will`over-capacitate' and undergo spontaneous acrosome loss, undesirable since acrosome-reacted cells are nonfertilizing. Seminal plasma contains several molecules able to bind to speci®c receptors on spermatozoa, thereby activating/regulating important intracellular signalling pathways. Three such`®rst messengers' are fertilization promoting peptide (FPP), adenosine and calcitonin, all of which stimulate capacitation and then inhibit spontaneous acrosome reactions by regulating adenylyl cyclase (AC)/cAMP. A recent study has reported the presence in spermatozoa of several membrane-associated AC isoforms, mainly smaller in size than the corresponding ACs in somatic cells, and evidence suggests that more than one of these isoforms may be involved in responses to these ®rst messengers. To regulate AC, FPP receptors appear to interact initially with stimulatory A 2A adenosine receptors, which function only in uncapacitated cells, and then with inhibitory A 1 receptors, which function only in capacitated cells. In contrast, there appears to be a single population of calcitonin receptors. Responses to cholera and pertussis toxins suggest involvement of G proteins and G s plus several G i subunits have been identi®ed in both mouse and human spermatozoa. In particular, Ga s and Ga i2 are found in the same regions as FPP, adenosine and calcitonin receptors, supporting biochemical evidence for G protein involvement in these responses. In vivo, these ®rst messengers could have a signi®cant effect, helping to maximize the number of capacitated, acrosome-intact (i.e. potentially fertilizing) spermatozoa by regulating what is clearly an important signalling pathway.
Introduction
Upon release from the male reproductive tract, mammalian spermatozoa are unable to fertilize, requiring a few to several hours, depending on the species, to be spent in an appropriate environment before they become functional. With time, the spermatozoa undergo post-release maturation events, collectively referred to as`capacitation' (Austin, 1952) , that will confer fertilizing ability on them. At least in vitro, once capacitation has begun it will usually continue until the cells are fully capacitated; however, some will`over-capacitate' and undergo a spontaneous acrosome reaction. Biologically, this is undesirable since already acrosome-reacted cells, even if highly motile, are unable to fertilize zona-intact oocytes. This is because important`docking' molecules on the sperm head plasma membrane, necessary for binding to the zona pellucida, are lost as a result of the acrosome reaction (Yanagimachi, 1994) .
During the last decade, fertilization promoting peptide (FPP), adenosine and calcitonin, present in seminal plasma and now shown to have speci®c receptors on mammalian spermatozoa, have been found to elicit responses that regulate capacitation: they initially stimulate capacitation and precocious acquisition of fertilizing ability, then inhibit spontaneous acrosome loss and so preserve fertilizing potential (Fraser and Adeoya-Osiguwa, 2001 ). Current evidence indicates that all three act as`®rst messengers' to regulate the production of thè second messenger' cAMP by adenylyl cyclase (AC) in a G proteinregulated manner. This review will trace the investigations undertaken to identify the mechanisms of action of these molecules, the results of which revealed unexpected similarities in responses.
Fertilization promoting peptide
FPP was`discovered' by Cockle and her colleagues (Cockle et al., 1989) who isolated and identi®ed in rabbit prostate tissue the presence of a tripeptide, pGlu±Glu±ProNH 2 , that was similar to, but distinct from, thyrotrophin releasing hormone (pGlu±His±ProNH 2 ). Subsequent studies identi®ed the same peptide in the prostate glands and/or semen of several other mammals (see Fraser and AdeoyaOsiguwa, 2001 ). Although also found in the pituitary of several vertebrates (Ashworth et al., 1991; Harvey et al, 1993) and in the thyroid (Cremades et al., 1998) , as yet there is little evidence that this tripeptide has a speci®c biological role in those tissues. In contrast, considerable evidence indicates that the peptide, found in human seminal plasma at quite high concentrations (~50 nmol/l; see Fraser and Adeoya-Osiguwa, 2001) , may well play an important role in regulating mammalian sperm function in vivo. Because the peptide was shown to signi®cantly stimulate capacitation and demonstrable fertilizing ability in vitro, it has been named`fertilization promoting peptide' or FPP (Green et al., 1994) .
Initial studies evaluated the response of uncapacitated mouse spermatozoa to FPP, using a well characterized in-vitro capacitation and fertilization system (Fraser, 1993) . This proved to be advanta-geous because it utilizes epididymal cells which have had no contact with seminal plasma and hence no contact with FPP. Sperm suspensions were incubated with varying concentrations of FPP for 30 min and then evaluated using chlortetracycline (CTC). CTC is ā uorescent antibiotic that has been shown to bind to mammalian spermatozoa, with the pattern of¯uorescence in the sperm head re¯ecting the functional state of the cell (Ward and Storey, 1984) . Its usefulness lies in its ability to allow discrimination between uncapacitated acrosome-intact (non-fertilizing) and capacitated acrosome-intact (potentially fertilizing) spermatozoa, unlike most commonly used microscopical techniques. Three main patterns have been identi®ed: the F pattern, with¯uorescence over the entire head, characteristic of uncapacitated acrosome-intact cells; the B pattern, with a¯uorescence-free band in the posterior part of the sperm head, characteristic of capacitated acrosome-intact cells; the AR pattern, with dull¯uorescence over the whole sperm head, characteristic of capacitated acrosome-reacted cells. These patterns have now been reported for many species, including mouse (Ward and Storey, 1984) , human (DasGupta et al., 1993) , cattle , pig (Wang et al., 1995) and rat (Oberla Ènder et al., 1996) .
In the ®rst studies, FPP at b25 nmol/l was found to signi®cantly stimulate capacitation, with more B pattern cells and correspondingly fewer F pattern cells in the treated suspensions than in the untreated controls; maximal response was obtained with 100 nmol/l and higher concentrations (up to 500 nmol/l) had no additional effect. Interestingly, none of the effective concentrations stimulated the acrosome reaction, a response often observed with treatments that accelerate capacitation. However, these CTC results suggested that treated suspensions would be more fertile and subsequent IVF experiments con®rmed this (Green et al., 1994) . Successful fertilization requires spermatozoa to express hyperactivated motility and investigations using computer-assisted sperm analysis provided objective evidence that FPP does stimulate hyperactivation (Green et al., 1996c) .
It was important to determine whether FPP acts on other mammalian spermatozoa and subsequent studies showed that FPP signi®-cantly stimulated human sperm capacitation (CTC analysis) and penetrating ability, using zona-free hamster oocytes to test the latter (Green et al., 1996a) . This was interesting since most work on human spermatozoa must utilize ejaculated cells, i.e. cells that have been exposed to seminal plasma and hence to FPP. To evaluate responses to FPP, motile cells were obtained by subjecting ejaculated human semen samples to discontinuous density gradient centrifugation; the fact that cells did respond signi®cantly to exogenous FPP suggests that much of the endogenous peptide was removed by these manipulations. More recently, FPP has also been shown to signi®cantly stimulate capacitation in pig spermatozoa (Funahashi et al., 2000b) , another interesting observation since boar seminal plasma contains only low picomolar concentrations of FPP but the spermatozoa appear to still have the appropriate receptors.
Although single compounds usually will have an effect on either uncapacitated or capacitated suspensions, but not both, FPP was different: the addition of FPP to capacitated mouse sperm suspensions resulted in inhibition of the spontaneous acrosome reaction (Green et al., 1996b) . Despite this inhibitory action, cells were able to undergo an acrosome reaction in response to either progesterone or unfertilized oocytes, the latter being demonstrated by the increased in-vitro fertility of FPP-treated suspensions. More recent studies have demonstrated a similar effect on capacitated pig (Funahashi et al., 2000a) and human spermatozoa (O.Osiguwa and L.Fraser, unpublished results) , with effective concentrations of FPP being similar for all species evaluated. Thus, responses to FPP are physiologically very important, with spermatozoa acquiring fertilizing potential more quickly and then retaining that potential. Such responses in vivo could play an important role in helping to maximize the chances for successful fertilization.
Adenosine
The fact that FPP had an initial stimulatory and a subsequent inhibitory effect on sperm function was reminiscent of earlier studies investigating adenosine's effects on AC activity and its production of cAMP (e.g. Stein et al., 1986) . Stein et al. showed that adenosine stimulated AC activity in uncapacitated mouse spermatozoa but inhibited it in capacitated cells, leading them to suggest that stimulatory adenosine receptors function in uncapacitated cells while inhibitory receptors function in capacitated cells, the latter perhaps providing a mechanism to prevent`over-capacitation'. The similarities in the general nature of responses to FPP and adenosine suggested that adenosine should be re-investigated.
Using the same protocols as for FPP, adenosine, which is also found in seminal plasma (Fabiani and Ronquist, 1995) , has now been shown to stimulate capacitation, then inhibit spontaneous acrosome loss in both mouse (Green et al., 1996b) and pig spermatozoa (Funahashi et al., 2000b) . Insight into a possible mechanism of action for FPP came when combinations of FPP and adenosine were observed to elicit a greater response than with individual treatments. This was especially striking with combinations of low concentrations, which had no signi®cant effect when used individually but together elicited a signi®cant response (Green et al., 1996b) . Those results suggested that both FPP and adenosine were working on the same signal transduction pathway and so led to the hypothesis that FPP, like adenosine, acts on AC/cAMP. Numerous studies have now con®rmed that hypothesis, with FPP initially stimulating and then inhibiting cAMP production (Adeoya-Osiguwa et al., 1998; Fraser and Adeoya-Osiguwa, 1999; Adeoya-Osiguwa and Fraser, 2002;  Figure 5 , this review).
Receptors for FPP and adenosine
Many different pieces of evidence suggested the presence of separate, speci®c receptors for FPP and adenosine on spermatozoa, but nothing was known about the former. Serendipitously, a study apparently unrelated to FPP led to the identi®cation of the putative receptor for FPP. Tcp11 is a gene that maps to the t-locus on chromosome 17 in the mouse, a locus known to contain genes that affect male, but not female, fertility (Fraser and Dudley, 1999) . The gene appears to be expressed only in the testis, in developing germ cells, and the protein is only synthesized during spermiogenesis (Mazarakis et al., 1991; Hosseini et al., 1994) . Structurally, TCP11 has an RGD (arginine± glycine±aspartic acid) sequence and a leucine zipper, but no obvious transmembrane regions. A Tcp11 homologue has been identi®ed on human chromosome 6 (Ragoussis et al., 1992) and recent molecular characterization revealed that the deduced human protein sequence is shorter than, but highly homologous to, the mouse protein (Ma et al., 2002) .
The very restricted expression of the protein suggested that it might play a speci®c role in sperm function. To address this possibility, Fab fragments (needed to avoid sperm agglutination) of a puri®ed IgG fraction of polyclonal anti-TCP11 antiserum were used to localize TCP11 ( Figure 1 ). The protein was detected on the outside of the plasma membrane, in the acrosomal cap and¯agellar regions, with variable staining on the midpiece but more consistent and punctuate staining on the principal piece (Fraser et al., 1997b) . A similar distribution on human spermatozoa has been observed (M.Tahmasebi, personal communication).
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In functional tests, uncapacitated mouse sperm suspensions were incubated with the anti-TCP11 antibodies and sampled at two time points. After 30 min, a signi®cant stimulation of capacitation was detected in treated cells (CTC analysis), while after 120 min, a signi®cant inhibition of acrosome loss was observed in the treated suspensions, mimicking results obtained with FPP. Subsequent IVF experiments demonstrated that treated spermatozoa became fertile more quickly than untreated controls and retained fertility during the 2 h preincubation phase, despite the presence of the antibodies and their inhibition of spontaneous acrosome loss (Fraser et al., 1997b) . These responses led to the hypothesis that TCP11 is the receptor for FPP; later studies have provided substantial support for this, including demonstrations that antibodies to TCP11 stimulate cAMP synthesis (Adeoya-Osiguwa et al., 1998) and a competitive inhibitor of FPP blocks responses to antibodies (Fraser et al., 1997a) .
Adenosine receptors are known to be typical seven transmembrane domain G protein-coupled receptors that often modulate AC activity, and several different isoforms, both inhibitory and stimulatory, have been identi®ed in somatic cells (Palmer and Stiles, 1995) . Following the proposal that two populations of adenosine receptors were present on mouse spermatozoa, each functioning in a capacitation-dependent manner (Stein et al., 1986) , several studies have provided evidence for the presence and function of stimulatory receptors (mouse: Fraser, 1990; Fraser and Duncan, 1993; human: Fenichel et al., 1996) . Using more speci®c agonists and antagonists, evidence supporting the original proposal of Stein et al. has been obtained: both stimulatory A 2A and inhibitory A 1 adenosine receptors are present, but A 2A receptors function only in uncapacitated spermatozoa while A 1 receptors function only in capacitated cells (Fraser and AdeoyaOsiguwa, 1999) . Although adenosine receptors ®t the pro®le of receptors able to regulate AC, the apparent lack of transmembrane regions in TCP11 raised an important question: how can TCP11 modulate AC activity? The answer appears to be that FPP receptors somehow interact with adenosine receptors to set up a complete signalling pathway. Evidence for this includes the demonstration that speci®c antagonists acting only on either A 2A or A 1 receptors inhibit responses to FPP as well as to adenosine and that a competitive inhibitor of FPP also inhibits responses to adenosine (mouse : Fraser and Adeoya-Osiguwa, 1999; pig: Funahashi et al., 2000b) .
This information then led to another question: where are adenosine receptors located? If FPP receptors interact with adenosine receptors, they need to be in the same places. A study evaluating A 1 adenosine receptor localization in bull, horse, rat, human and rabbit spermatozoa reported staining, sometimes diffuse in nature, in the acrosomal and postacrosomal regions in most species, along with variable staining in the¯agellum (Minelli et al., 2000) . More recently, a somewhat different distribution was observed in mouse spermatozoa, with both A 2A and A 1 receptors being observed on the acrosomal cap (of acrosome-intact cells) and the¯agellum, most abundantly on the principal piece (Adeoya-Osiguwa and Fraser, 2002) . Because the receptors have a complex transmembrane structure, permeabilization to ensure epitope accessibility was found to give the most consistent results in the latter study. Pilot experiments revealed that different methods used for ®xation and permeabilization could have marked effects on the localization and intensity of¯uorescence, suggesting that methodological differences may explain the differing results in the two studies.
Interestingly, the intensity of staining was capacitation statedependent, A 2A staining being much stronger on uncapacitated spermatozoa and A 1 staining being stronger on capacitated cells, suggesting capacitation-related changes in epitope accessibility (Figure 2 ). When capacitated suspensions were brie¯y treated with a puri®ed decapacitation factor (DF) preparation that causes cells to revert to the uncapacitated, non-fertilizing state Rakha et al., 2000) , the strong staining for A 2A receptors was regenerated. Furthermore, these changes in epitope accessibility appear to re¯ect changes in accessibility of adenosine binding sites and consequent receptor function: A 2A agonists stimulated AC/cAMP only in uncapacitated spermatozoa and A 1 agonists inhibited AC/ cAMP only in capacitated cells, but A 2A agonists were able to stimulate AC/cAMP in capacitated suspensions decapacitated by a brief exposure to DF (Adeoya-Osiguwa and Fraser, 2002) . These results thus demonstrate that capacitation is functionally reversible and involves biologically signi®cant changes in the conformation of adenosine receptors and, plausibly, other transmembrane receptors.
A recent study, again focusing only on A 1 adenosine receptors, proposed that binding of adenosine resulted in activation of the phospholipase C (PLC) signal transduction pathway (Allegrucci et al., 2001 ) since a transient rise in inositol trisphosphate was observed in uncapacitated human cells treated with the A 1 -speci®c agonist cyclopentyladenosine (CPA). However, in several parts of this study, control suspensions were incubated in BSA-containing medium, while experiments were evaluated in BSA-free medium containing CPA. Since BSA plays a general role in maintaining sperm viability and function, while CPA acts speci®cally on adenosine receptors, it would have been physiologically more informative to evaluate suspensions in BSA-containing medium T CPA. The suggestion that PLC is involved in capacitation per se is inconsistent with the recent demonstration that PLC plays a role in acrosomal Regulation of capacitation via G protein-coupled mechanisms exocytosis in capacitated human spermatozoa rather than stimulating capacitation in uncapacitated cells (O'Toole et al., 1996) . Furthermore, two separate studies have shown that CPA has no effect on uncapacitated mouse spermatozoa when assessed using CTC, yet it signi®cantly inhibits acrosome loss and cAMP production in capacitated cells (Fraser and Adeoya-Osiguwa, 1999; AdeoyaOsiguwa and Fraser, 2002) .
G proteins
In somatic cells, modulation of AC/cAMP by adenosine receptors involves stimulatory receptors interacting with G proteins containing a stimulatory alpha subunit (Ga s ) and inhibitory receptors interacting with G proteins containing an inhibitory alpha subunit (Ga i/o ; Palmer and Stiles, 1995) . Given the strong evidence that FPP and adenosine can regulate production of cAMP, involvement of G proteins in these responses was plausible. GTP analogues had been shown to signi®-cantly stimulate both cAMP production in permeabilized uncapacitated mouse spermatozoa (Fraser and Duncan, 1993) and capacitation in whole live cells (Fraser and Adeoya-Osiguwa, 1999) , consistent with the presence of Ga s . Cholera toxin, known to catalyse ADP ribosylation of Ga s and so irreversibly activate the protein, stimulated capacitation and production of cAMP in uncapacitated suspensions to the same extent as FPP, but had no detectable effect on capacitated suspensions. In contrast, pertussis toxin, known to inhibit Ga i/o , had no effect on uncapacitated cells but abolished FPP's inhibition of both spontaneous acrosome loss and cAMP production in capacitated cells (Fraser and Adeoya-Osiguwa, 1999) . Later investigations of protein tyrosine phosphorylation revealed that FPP, cholera toxin and adenosine all stimulated phosphorylation in uncapacitated suspensions, while FPP inhibited phosphorylation in capacitated suspensions; the inclusion of pertussis toxin in the latter abolished responses to FPP . Taken together, these results suggest that G proteins are involved in the regulation of AC/ cAMP and that unregulated production of cAMP in capacitated spermatozoa can lead to spontaneous acrosome loss.
More direct proof for the presence of several different Ga subunits was obtained by electrophoresis/Western blotting, using mouse sperm membrane preparations and commercially available antibodies directed against stimulatory and inhibitory Ga subunits. Consistent with the physiological and biochemical responses to cholera and pertussis toxins, positive evidence for the presence of several isoforms of stimulatory Ga s (the most abundant being~48 kDa) as well as inhibitory Ga i2 , Ga i3 and Ga o , but not Ga i1 , subunits was obtained (Fraser and Adeoya-Osiguwa, 1999) . A number of earlier studies reported ®nding evidence for inhibitory Ga subunits but none for stimulatory Ga subunits in mammalian spermatozoa (e.g. Bentley et al., 1986; Kopf et al., 1986; Glassner et al., 1991; Merlet et al., 1999) , leading to the prevailing dogma that spermatozoa do have inhibitory but do not have stimulatory Ga subunits. Thus, the recent report that mouse spermatozoa have Ga s was met with considerable scepticism.
To provide even more convincing evidence for the presence of Ga s , mouse and human sperm lysates were analysed using electrophoresis/ Western blotting and Ga s was detected in both (Baxendale and Fraser, 2003b) . The most abundant isoform in both species was Ga s -long (Ga s -L;~48 kDa) and the next most abundant was Ga s -short (Ga s -S; 45 kDa, the most common isoform in somatic tissues; Novotny and Svoboda, 1998) , results consistent with those obtained using mouse sperm membranes (Fraser and Adeoya-Osiguwa, 1999) . The`classic' evidence for the presence of Ga s is detection of cholera toxincatalysed ADP ribosylation of an appropriately sized protein and this has now been achieved. Cholera toxin both enhanced the ADP ribosylation of a protein the correct size for Ga s (Figure 3 ) and stimulated cAMP production in permeabilized mouse spermatozoa, suggesting functional coupling between Ga s and AC (Baxendale and Fraser, 2003b) . Therefore, a wide array of physiological, biochemical and immunological evidence, obtained in two different species, strongly supports the presence of both stimulatory and inhibitory Ga subunits in mammalian spermatozoa and makes it plausible that they are involved in regulating AC activity.
It is intriguing and puzzling that there has been such apparent dif®culty in identifying Ga s in spermatozoa and, concomitantly, such determination among many biologists to adhere ®rmly to a dogma based on negative evidence. An early study, looking for suitable protein substrates that could be ADP ribosylated by cholera and/or pertussis toxins, reported that spermatozoa had neither Ga s nor Ga i (Hildebrandt et al., 1985) , but shortly thereafter, evidence for Ga i , but not for Ga s , was reported in two new studies using similar methodology (Bentley et al., 1986; Kopf et al., 1986) . Other investigators using antibodies to try to detect Ga s also failed to ®nd positive evidence (e.g. bovine: Hinsch et al. 1995; human: Hinsch et al., 1992; Merlet et al., 1999) ; it is dif®cult to speculate on why those studies obtained negative results, yet the more recent ones have obtained positive results. Only limited details regarding the antibodies used in the former studies are available, but one possibility is that those antibodies may have had relatively low af®nity for Ga s . Surprisingly, very little attention appears to have been paid to the positive evidence that sea urchin spermatozoa appear to contain Ga s (Cuellar-Mata et al., 1995; Ohta et al., 2000) , based on Western blotting evidence for the presence of proteins of the correct sizes for Ga s (~48 and 45 kDa, very similar to results of AdeoyaOsiguwa, 1999, and Fraser, 2003b , for mouse and human spermatozoa) and cholera toxin-catalysed ADP ribosylation of a protein of~48 kDa. Even the ®rst study to conclude that spermatozoa (canine) had neither stimulatory nor inhibitory Ga subunits (Hildebrandt et al., 1985) did actually observe a small amount of an ADP-ribosylated protein of~42 kDa, as well as several smaller ribosylated proteins of~20±25 kDa. These might be full-length and proteolytically cleaved Ga s respectively, since Ga s is apparently susceptible to proteolysis, particularly when it is ADP ribosylated (Sato-Kusubata et al., 2000) . The next question was: where are the Ga subunits located? According to the evolving hypothesis, they should be found in the same regions as the FPP and adenosine receptors. Again using both mouse and human spermatozoa, whole cells were prepared for immunolocalization using a range of commercially available antibodies directed against Ga s , Ga olf (related to Ga s ), Ga i1 , Ga i2 , Ga i3 , Ga o and Ga q/11 . Similar patterns of distribution were seen in both species for individual Ga subunits, with a reasonable signal for all the subunits except for Ga i1 (Baxendale and Fraser, 2003b) . There was a strong signal for Ga s in the acrosomal cap region, the neck and the principal piece of the¯agellum, and the inhibitory Ga subunit with the most similar distribution was Ga i2 (Figure 4) . On the basis of these results, we have hypothesized that Ga s mediates responses involving stimulatory A 2A adenosine receptors (and FPP receptors), while Ga i2 mediates responses involving inhibitory A 1 adenosine receptors (Fraser and Adeoya-Osiguwa, 1999; Adeoya-Osiguwa and Fraser, 2002; Baxendale and Fraser, 2003b) . Using human spermatozoa, Allegrucci et al. (Allegrucci et al., 2001) have reported coimmunoprecipitation of A 1 receptors and Ga i2 , results that suggest a direct interaction between the two and so support our hypothesis. The distribution of the other Ga subunits (Baxendale and Fraser, 2003b) was broadly similar to those reported in other studies (e.g. Merlet et al., 1999) ; possible functions for them have yet to be identi®ed. Of particular interest in the context of odorant receptors perhaps playing a role in mammalian sperm chemotaxis (Spehr et al., 2003) was the demonstration that Ga olf , closely related to Ga s and known to participate in the olfactory signalling pathway, is present (Figure 4 ) and found in the same regions as some AC isoforms (see below).
Several studies have suggested that a pertussis toxin-sensitive Ga subunit is involved in the zona pellucida-induced acrosome reaction, with pertussis toxin blocking acrosomal exocytosis (e.g. Endo et al., 1987; Lee et al., 1992) . No speci®c signalling pathway had been identi®ed until a recent study suggested that the zona-induced acrosome reaction involves stimulation of sperm AC via a pertussis toxin-sensitive inhibitory G protein, the active moiety possibly being the bg dimer (Leclerc and Kopf, 1999) . This is puzzling for two reasons. First, AC stimulation usually involves Ga s and secondly, AC inhibition by FPP, adenosine and calcitonin does not interfere with zona-induced acrosome reactions in fertilizing spermatozoa (Green et al., 1994; Funahashi et al., 2000b; . One possible explanation could be the involvement of different isoforms of AC (see below) in responses to the regulatory molecules and zona glycoproteins.
Calcitonin
Calcitonin is a 32 amino acid peptide hormone, usually considered in the context of bone homeostasis, and calcitonin receptors, like adenosine receptors, are seven transmembrane domain G proteincoupled proteins that often modulate AC/cAMP (Pondel, 2000) . Calcitonin was found to be present in much higher concentrations in seminal plasma than in blood plasma (Sjo Èberg et al., 1980) and a subsequent study provided some evidence that calcitonin receptors are present on mammalian spermatozoa (Silvestroni et al., 1987) . More recently, calcitonin has been demonstrated to elicit the same capacitation-dependent responses as FPP and adenosine (mouse: ; human: O.Osiguwa and L.Fraser, unpublished data): stimulation of capacitation and fertilizing ability, then inhibition of spontaneous acrosome reactions, the latter response being pertussis toxin-sensitive. Combinations of low, non-stimulatory concentrations of calcitonin and FPP signi®cantly stimulated capacitation in both uncapacitated mouse ) and human spermatozoa (O.Osiguwa and L.Fraser, unpublished data), leading to the hypothesis that both peptides act on the same signalling pathway, namely AC/ cAMP.
In a study testing that hypothesis, calcitonin, like FPP, was shown to signi®cantly stimulate cAMP production in uncapacitated spermatozoa and then inhibit it in capacitated cells (Adeoya-Osiguwa and Fraser, 2003) . Interestingly, the slower than usual capacitation occurring in the`capacitated' suspensions made it possible to observe that the inhibitory effects of FPP preceded those of calcitonin but eventually a similar and signi®cant degree of inhibition was observed with both calcitonin and FPP ( Figure 5 ). This may re¯ect the involvement of two different adenosine receptor populations in response to FPP, allowing a more rapid changeover from stimulation to inhibition, whereas there appears to be only one population of calcitonin receptors. The latter are located on both the acrosomal cap and the¯agellum, especially on the midpiece, in similar regions to the other receptors and G protein subunits of interest (Ga s , Ga i2 ); there was no evidence for any capacitation-dependent changes in epitope accessibility such as had been detected for adenosine receptors.
AC isoforms
Thus far, nine membrane-bound isoforms of AC (mACs), all of which are G protein-regulated and respond to diverse activating molecules, have been identi®ed in somatic cells. There is also a soluble isoform, sAC, that has been identi®ed in testicular tissue; recent puri®cation and characterization studies have indicated that it is not related to the membrane-bound isoforms (Buck et al., 1999) . At~48 kDa, the predominant form of sAC is smaller than mACs found in somatic cells (>100 kDa); it is stimulated by bicarbonate (HCO 3 ± ) and Mn 2+ but appears to be neither regulated by G proteins nor responsive to known modulators of mAC (Buck et al., 1999; Chen et al., 2000) . Many earlier studies reported that mammalian sperm AC is markedly different from somatic cell ACs, being insensitive to G proteins and activators of AC such as¯uoride and forskolin (reviewed in Defer et al., 2000) , making it likely that much of the AC activity detected in those earlier studies re¯ected the presence and activity of sAC. However, many of those studies used partially puri®ed subcellular sperm fractions, preparations that might not favour the mACs since their membrane association presumably is required for optimal activity, and so sAC might be the predominant functional isoform. A number of recent studies have either used live or permeabilized whole cells, preparations that may give a better insight into physiological responses because the general cellular architecture that could well be important for signal transduction pathways will be maintained.
Indeed, there have been reports that mammalian sperm have AC activity with properties similar to mAC; it can be stimulated bȳ uoride (Baxendale and Fraser, 2003a) and forskolin (Leclerc and Kopf, 1995; Baxendale and Fraser, 2003a) , the latter response being signi®cantly inhibited by dideoxyadenosine (ddAdo), a speci®c inhibitor acting on the P site of mAC. Forskolin also stimulated capacitation and acrosome reactions, consistent with a continuous stimulation of AC/cAMP, but inclusion of ddAdo inhibited these responses (Baxendale and Fraser, 2003a) . Furthermore, considerable evidence indicates that cAMP production in mammalian spermatozoa is sensitive to bacterial toxins known to act on stimulatory and inhibitory Ga subunits (see above) and to various GTP analogues such as Gpp(NH)p (Stein et al., 1986; Fraser and Duncan, 1993) .
The fact that various ®rst messengers can bind to speci®c externally directed receptors on intact, live cells and regulate the activity of AC/ cAMP is consistent with the involvement of mACs rather than sAC. At present, there is little information in the literature regarding which mACs might be present in mammalian spermatozoa, other than reports that mAC3 (implicated in olfactory signalling; Bakalyar and Reed, 1990) could be detected in immature germ cells (Defer et al., 1998; Gautier-Courteille et al., 1998) . However, recent evidence obtained using speci®c antibodies directed against various somatic cell mAC isoforms indicates the presence of several different mACs (mAC2, 3 and 8 in relative abundance and mAC1 and 4, less so), with distinct localizations in the head and¯agellum of mature mouse spermatozoa ( Figure 6 ) (Baxendale and Fraser, 2003a) . Using those same antibodies, electrophoresis/Western blotting of both mouse sperm membranes and cell lysates con®rmed the presence of a number of proteins although, interestingly, most of the proteins detected are smaller in size (<100 kDa) than the mACs identi®ed in somatic cells. Using a wide array of experimental conditions to minimize proteolytic activity, the same, smaller size, proteins were consistently observed in sperm preparations. However, in testis lysates the antibodies detected both larger (especially >160 kDa) and smaller proteins, and the relevant peptides were able to block the signals in both sperm and testis preparations, indicating that the antibodies were speci®c for the different mAC isoforms.
AC activity, responsive to various known stimulators of mAC activity such as forskolin, GTP analogues and NaF, was also detected in these preparations, but the speci®c functions of different isoforms remain to be determined. However, new evidence suggests that at least . Capacitation-dependent changes in cAMP production regulated by calcitonin and FPP. In uncapacitated suspensions assayed 2 min after peptide addition (a), both 1.5 nM calcitonin (Cal) and 100 nM FPP signi®cantly stimulated cAMP production, compared with untreated controls (Con). In capacitating suspensions assayed 5 min after peptide addition (b), calcitonin still stimulated cAMP but FPP did not. In fully capacitated suspensions assayed after 5 min (c), both peptides signi®cantly inhibited cAMP. **P < 0.025, ***P < 0.01, ****P < 0.001 compared with relevant untreated control samples (data from AdeoyaOsiguwa and Fraser, 2003, with permission). some of the receptors involved in regulating AC/cAMP may interact with different mACs. It is generally accepted that Ca 2+ is required for capacitation (de Lamirande et al., 1997) and studies of FPP are consistent with this. Although FPP can bind to mouse spermatozoa in medium lacking CaCl 2 (Adeoya-Osiguwa et al., 1998) , physiological responses to FPP require the presence of at least 90 mmol/l Ca 2+ (Green et al., 1996b) . Similar investigations for calcitonin revealed that calcitonin, unlike FPP, can signi®cantly stimulate capacitation (CTC) and cAMP production in sperm suspensions incubated in Ca 2+ -de®cient medium. The inclusion of EGTA to chelate trace amounts of Ca 2+ (~13 mmol/l; Fraser, 1982) abolished any response, con®rming that very small amounts of extracellular Ca 2+ were suf®cient for physiological responses. Subsequent IVF experiments using spermatozoa preincubated in Ca 2+ -de®cient medium T calcitonin, then diluted into medium containing Ca 2+ + calcitonin, revealed that suspensions preincubated in the presence of calcitonin were signi®-cantly more fertile than the controls preincubated in Ca 2+ -de®cient medium alone (Figure 7 ) (Adeoya-Osiguwa and Fraser, 2003) . The simplest explanation for these differences in responses to calcitonin and FPP is that the respective receptors are regulating different isoforms of mAC, with one requiring less Ca 2+ for function than the other. Consistent with that hypothesis, mAC isoforms are known to differ in their requirements for Ca 2+ (Defer et al., 2000) .
Recent evidence suggests that HCO 3 ± , and therefore plausibly sAC, plays an early role in capacitation: within 15 min in the presence of HCO 3 ± , there are marked changes in the sperm membrane lipid architecture, these changes being controlled by cAMP-dependent phosphorylation (Harrison, 2003) . It is possible that such membrane modi®cations might`prime' either the mAC isoforms, or receptors able to regulate mAC activity, by altering their conformation. Even if this is the case, the relative overall contributions made by sAC and mACs to promoting capacitation and acquisition of fertilizing ability, especially in vivo, are not known at present. Given the ubiquitous presence of HCO 3 ± in the female tract, sAC might well be constantly stimulated, resulting in continued production of cAMP; in the absence of regulatory factors, this could ultimately contribute to spontaneous acrosome loss and consequent loss of fertility. However, addition of ®rst messengers such as adenosine and calcitonin (known to be present in vivo) to capacitated cells in vitro results in rapid inhibition of both cAMP production and spontaneous acrosome loss. Since these responses are abolished by pertussis toxin, indicative of G protein and therefore probably mAC rather than sAC involvement, it is plausible that mAC isoforms could play an important role in preserving sperm fertilizing potential. Thus, interplay between mACs and sAC could provide a balanced and biologically important regulation of cAMP levels.
Another possible role for sperm mAC has been identi®ed very recently, although the mechanisms involved are not yet clear. A novel testicular odorant receptor has been shown to be present in mammalian spermatozoa, with evidence that it might function in chemotaxis; responses to bourgeonal, providing a strong chemoattractant signal, were inhibited by inclusion of inhibitors of AC but not inhibitors of PLC (Spehr et al, 2003) . Given the similar locations of Ga olf and AC3 in the head and¯agellum of mature spermatozoa (Baxendale and Fraser, 2003a,b) , it would appear that all the components of a typical olfactory signalling pathway are present and so plausibly could be involved in responses to chemoattractants.
Conclusions
The initial investigations of pGlu±Glu±ProNH 2 began some 10 years ago, asking one apparently simple question: does this peptide, known to be present in nanomolar concentrations in seminal plasma of several mammalian species, have a biological effect on mammalian spermatozoa? That question, once answered in the af®rmative, led to many more questions and answers, with subsequent overlap being identi®ed between the mechanisms of action involved in responses to FPP and those relating to adenosine and calcitonin. It has long been known that cAMP is an important second messenger in sperm physiology, but it was somewhat surprising to discover that seminal plasma contains at least three small molecules able to act as ®rst messengers to regulate the activity of AC and its production of cAMP. The recent studies discussed above have con®rmed the pivotal importance of cAMP in sperm function and have revealed unexpected complexities in the regulation of AC/cAMP; the proposed interactions are shown in Figure 8 . Such regulation is biologically important since unrestrained production of cAMP appears to play a role in spontaneous acrosome Figure 7 . Mouse sperm responses to calcitonin in Ca 2+ -de®cient medium. In (A), chlortetracycline (CTC) results demonstrate that when uncapacitated suspensions were incubated for 40 min in medium lacking CaCl 2 in the presence/absence of 1.5 nM calcitonin (Cal), 100 nM FPP or 20 mM EGTA, calcitonin signi®cantly stimulated capacitation, compared with untreated controls (±Ca) and FPP-treated suspensions. EGTA completely abolished responses to calcitonin. In (B), cAMP measurements after 2 min reveal that calcitonin, but not FPP, signi®cantly stimulated cAMP production, consistent with CTC results. In (C), IVF results demonstrate that suspensions preincubated in the presence of calcitonin were signi®cantly more fertile than untreated controls (±Ca); both groups were diluted into medium containing Ca 2+ and calcitonin prior to mixing with unfertilized oocytes. ***P < 0.01, ****P < 0.001 compared with relevant controls (data from Adeoya-Osiguwa and Fraser, 2003, with permission). loss, an event that abolishes a spermatozoon's fertilizing potential. Thus, the hypothesis formulated some time ago that the inhibitory responses elicited by adenosine in capacitated spermatozoa might provide a mechanism for preventing`over-capacitation' (Stein et al., 1986) is strongly supported by recent experimental evidence; furthermore, the fact that additional molecules act similarly suggests that these mechanisms play a crucial role in maintaining spermatozoa in a potentially fertilizing state, essential for maximizing the chance of successful fertilization in vivo.
